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The formation and structure of self-assembled monolayvers (SAMs) by the adsorption of acetyl-protected octyl-
thioacetate ('OTA) on Au(l11) in a catalvtic tetrabutvlammonium cyanide (TBACN) solution were examined by
means of scanning tunneling InlClOSCOP\ (STM), X-ray photoelectron spectroscopy (XP3), and cyclic voltammetry
(CV). Molecular-scale STM imaging revealed that OTA molecules on Au(111) in a pure solvent form disordered
SAMs, whereas they form well-ordered SAMs showing a ¢(4 = 2) structure i a catalvtic TBACN solution. XPS and
CV measurements also revealed that OTA SAMs on Au(ll1) formed in a TBACN solution have a stronger
chemusorbed peak in the S 2p region at 162 ¢V and a ligher blocking effect compared to OTA SAMs formed 1 a
pure solvent, In this study, we clearly demonstrate that TBACN can be used as an effective deprotecting reagent for
obtaiing well-ordered SAMs of thivacetyl-protected molecules on gold.
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Introduction

Organic self-assembled monolavers (SAMs) on metals have
attracted considerable attention as a result of their interesting
properties and technical applications in corrosion inhibition.
chemical sensors, biosensors. nanopatterning. and molecular
electronic devices.'™ Notably. alkanethiols on gold surfaces
can form chemisorbed SAMs with a high degree of structural
order, which can be described as a hexagonal (V3 x V3)R30°
structure or a ¢(4 x 2) superlattice.l‘g'” Due to their reliable
structural order and high stability, they are often used as a mole-
cular template for the construction of functional nanostructures.
However, the thiol group is sensitive to oxidation and can form
disulfides or other 0\1dlzed products in a solution containing
a trace amount of oxygen.'™"” The undesirable oxidation of
thiols prevents the formation of a homogeneous interface
sticture in SAMSs. To overcome this problem. thioacetyl-pro-
tected organic molecules with a high chemical stability in air
or solutlon haxe been used as alternative precursors for SAM
formation.'”™" Howev er. these SAMs formed in a solution
without a catalyst at room temperature were composed mainly
of disordered or partially ordered phases with small domains '™~
[t was also observed that the surface structures and structural
order were markedly mfluenced by e\penmental condmons
such as incubation time."” solution tempemtule "and solvent.™
To enhance the structural order of these SAMs. a transformation
from thioacetate to free thiol via the deprotection of thioacetate
in solution is required. Thus far, strong acid or base conditions
have frequently been used for deprotection. For instance.
SAMs of thioacetyl-protected conjugated molecules on gold
for electronic device applications were fabricated in strong
acid- or base-catalvzed solutions.'*'®*™=" However. these
harsh deprotection conditions result in the formation of SAMs
with stmctural damage or unexpected structural transformation

of the organic target molecules."' " Therefore, it is essential
to develop a effective and mild method for deprotection of
thioacetvl-protected molecules in organic solvents. Recently.
it was demonstrated that tetrabutylammonium cyanide salt
{TBACN) can function as a good deprotection reagent against
av men of organic thioacetates with a relatively high deprotection
vield."” However. for practical use of this deprotection method
for SAM fabrication, the formation and surface structure of
SAMSs prepared by thioacetyl-protected molecules should be
understood from the molecular-scale point of view.

In this study, to elucidate the effect of TBACN onthe SAM
formation of thioacetyl-terminated molecules on Au(l11). we
examined SAM samples formed in a 1 mM methanol solution
of otylthioacetate (OTA) containing a catalytic TBACN solution
using scanning tunneling microscopy (STM). X-ray photoelec-
tron spectroscopy (XPRS). and cyclic voltammetry (CV). The
effect of TBACN was evaluated by comparing the surface
structures of OTA SAMs and well-known octanethiol (OT)
SAMs on Au(l11).

Experimental Section

OTA was synthesized by refluxing potassium thioacetate
with L-bromooctane at room temperature (RT) for 3 hin
ethanol. The product was purified by column chromatography
using a mixture of hexane and ether (100:1 v/v) as an eluent.
and confirmed by 'H-NMR analysis. The Au(l11) substrates
were prepared by the thermal e\"lpor'ltion of gold onto freshly
cleaved 1mca sheets pre-heated at 300 “C with a base pressure
of 107-10"® Torr, OTA SAMs were formed by dipping the
Au(ll1) substrates ina | mM methanol solution of OTA orin
a1 mM OTA methanol solution containing a catalytic anount
(0.5 mol equivalent per thioacetate) of TBACN at RT for 24 h.
Note that prior to the immersion of the Au(111) substrates into
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Scheme 1. Catalvtic deprotection of thicacety] groups and the forma-
tion of OTA SAMs on Au(l11) in a catalytic TBACN solution.

the catalvtic TBACN solution, the deprotection of the thio-
acetyl group of OTA molecules was performed in the catalytic
TBACN solutionat 30 °C for 3 h. Scheme 1 shows the deprotec-
tion pathway of thioacetyl groups’” and the formation of OTA
SAMs on Au(111) in the TBACN solution. The deprotection
of acetyl group in OTA can be easily accomplished by attac-
king cvanide ion (CN") provided by TBACN. resulting in the
formation of a free thiol. Then by dipping the Au(111) substrates
in this solution. OTA SAMs on Au(lll) can be formed via
chemical reaction between the sulfur headgroup and gold
surface. as shown in Scheme L. The obtained SAM samples
were rinsed thoroughly with pure methanol to remove weakly
adsorbed molecules prior to surface analysis.

STM measurements were carried out with a NanoScope E
(Veeco, Santa Barbara, CA) and a commercially available
Pt/Ir (80:20) tip. All STM images were obtained in air using a
constant current mode at room temperature. Image con-
ditions were the bias voltages ranging from 230 to 650 mV
and the tunneling currents ranging from 300 to 600 pA be-
tween the tip and the sample. XPS measurements were per-
formed with a Theta Probe (Thermo Fisher Scientific In¢.).
The emitted electrons were collected at angles from 23° to
83° with a multi-channel plate. The spectra were calibrated
with the Au 4>~ peak at 84.0 eV. The energy positions of the
observed peaks were determined using a curve-fitting analysis.
Electrochemical measurements were camied out with the
BAS-100 emploving a three electrode cell. The SAM cov-
ered-gold electrode was used as the working electrode. and a
platinum wire and Ag/AgC1(KCl sat.) were used as the coun-
ter and reference electrodes, respectively. CV measurements
were performed ina | mM Ky[Fe(CN)g| solution containing
1 M KCI as the supporting electrolyte.

Results and Discussion

The STM images in Figure 1 show the typical surface
structures of OTA SAMSs on Au(111) formed after immersion
of the Au(l11) substrates in a pure solvent at RT for 24 h.
Although several ordered domains with a very small domain
size were observed. as indicated by the arrows in Figure la.
OTA SAMs were mainly composed of disordered phases and
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Figure 1. STM images of OTA SAMSs on Au(111) formed after the
immersion of the Au(111) substrates in a pure solvent at RT for 24 h.
Scan sizes were (a) 120 nm x 120 nm and (b) 30 nm x 30 nm.

a number of vacancy islands (VIs). Contrary to the formation
of well-ordered OT SAMs on Au(111).'" we found that
thioacetyl-protected OTA molecules on Au(111) do not form
well-ordered SAMs. as shown in Figure 1b. The remarkable
difference in the structural order of SAMs formed by OTA
and OT molecules with an identical alkyl chain length is due
to the lower chemical activity of the sulfur headgroup attached
to OTA compared to that attached to OT. This is because the
electron-withdrawing acetyl group binds directly to the sulfur
headgroup of OTA. Inaddition. the VIs in Figure b were not
clearly visualized by STM imaging. suggesting that OTA
SAMs did not form two-dimensional crystallized phases that
have often been observed in close-packed ordered SAMs.'
Based onthis STM result. thioacetyl-terminated OT A molecules
do not form well-ordered SAMs in a pure solvent. It has also
been shown that thioacetyl-terminated tolane molecules do
not form ordered SAMs in a pure solvent without any catalytic
solution.” ™" Therefore. we suggest that deprotection of the
thioacetyl group is needed to improve the structural order of
OTA SAMs on Au(111).

STM images in Figure 2 show the surface structures of
OTA SAMs on Au(111) after the immersion of the Au(L11)
substrates in a catalytic TBACN at RT for 24 h. The 120 nm
120 nm STM image in Figure 2a presents the formation of
large ordered phases with a domain size of approximately 100
nm, which is exceptionally larger than that of OT SAMs
which ranges from 20 to 50 nm.'~'**** Molecularly resolved
STM images in Figures 2b and ¢ clearly show that OTA
SAMSs have a hexagonal packing arrangement, which can be
described as a well-known ¢(4 x 2) structure {see the unit cell
in Figure 2¢) which is usually observed in alkanethiol
SAMs.'*"***= By comparing the STM results of Figures 1
and 2, it is clear that thioacetyl-terminated OTA molecules on
Au(lll) can form SAMs with a high degree of structural
order in TBACN solution. suggesting that TBACN is effective
at in sity deprotection of thioacetyl groups to produce free
thiols. We also found that the distribution and shape of VIs for
OTA SAMs are quite different from alkanethiol SAMs with a
relatively uniform distribution and size of VIs. This result
implies that TBACN can also affect the formation of VIs.
However. we do not fully understand the formation mechanism
of suchunusual VIs in a catalytic TBACN solution at present.

To determine the effect of catalytic TBACN on the adsorp-
tion conditions of OTA SAMs on Au(L11). we examined the
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Figure 2. STM mmages of OTA SAMSs on Au(111) formed after the immersion of the Au(111) substrates n a catalytic TBACN at RT for 24 h.
Scan sizes were (a) 120 mm < 120 mm, (b) 30 nm x 30 nm, and (¢) 3 nm x 3 nm.

XPS spectra in the S 2p region of OTA SAMSs on Au(111)
formed in a pure solvent and a catalytic TBACN solution
(Figure 3). Note that the S 2p spectra were observed as two
components of S 2pa= and S 2py» peaks with an intensity ratio
of 2:1 resulting from spin-orbit splitting effects.™ Figure 3
shows a large difference in the S 2p XPS spectra from both
OTA SAMson Au(l11). Three S 2ps. peaks from OTA SAMs
formed in a pure solvent were observed at 161.3 (52 peak).
162 (S1 peak). and 163 .4 eV (83 peak). as shown in Figure 3a.
whereas two S 2ps= peaks from OTA SAMSs fonned in a
catalytic TBACN solution were observed at 162 (S1 peak)
and 163.4 eV (S3 peak). as shown in Figure 3b. The S1 and S2
peaks are assigned as bound sulfur (chemisorbed sulfur) and
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Figure 3. XPS spectra in the S 2p region of OTA SAMs on Au(l11)
formed in (a) a pure solvent and (b) a catalvtic TBACN solution.

the S3 peak is assigned to the unbound sulfur (physisorbed
sulfur) based on observations of various organosulfur
SAMs. """ The presence of intense bound sulfur peaks
for OTA SAMSs on Au(l111) is good evidence for the formation
of chemisorbed SAMs via the deprotection of thioacetyl
groups in a pure solvent ora TBACN solution. In contrast, an
S2 bound peak with a relatively strong intensity at 161.3 eV
was observed in OTA SAMs prepared in a pure solvent,
whereas this peak was not observed in OTA SAMSs prepared
inacatalytic TBACN solution. The S2 peak has been observed
in SAM samples with low surface coverage or a disordered
phase *® Consistent with the previous XPS$ results. we found
that OTA SAMSs with disordered phases. as shown in Fiﬂ%ure 1,
have the additional bound peak of S2 (Figure 3a).” This
differently-bound sulfur may have resulted from a change in
the adsorption geometry of molecules. Moreover. the XPS
peak features of OTA SAMs formed in a catalytic TBACN
solution are nearly the same as those observed in alkanethiol
SAMSs containing well-ordered domains. and our STM result
agrees with this XPS finding. Our STM and XPS results
clearly demonstrate that TBACN can be used as an effective
catalytic reagent for the formation of well-ordered SAMs on
gold surfaces by thioacetyl-protected molecules.

Figure 4 shows cyclic voltammograms of (a) a bare Au
(111) electrode, (b) a Au(111) electrode modified by OTA
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Figure 4. Cyclic voltammograms of (a) a bare Au(111)electrode. (b)
a Au(111) electrode covered with OTA SAMs fonmed m a pure
solvent, and (c)a Au(l11)electrode covered with OTA SAMs formed
in a catalyvtic TBACN solution.
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SAMs formed in a pure solvent, and (¢) a Au(111) electrode
modified by OTA SAMs in a catalytic TBACN solution con-
taining 1 mM Ky[Fe{CN)s] and 1 mM KNOs. The peak currents
(I,) foreach electrogle were measured as (a) 160.48, (b) 30.08.
and (c) 10.3 pAsem”, respectively. We found that the Au(111)
electrodes modified with OTA SAMSs have lower peak currents
compared to the bare gold electrode. implying the formation
of OTA SAMs. Particularly. the Au(111) electrode covered
with OTA SAMs formed in a TBACN solution showed a
higher blocking effect for the electrochemical reaction than
that covered with OTA SAMs formed in a pure solvent. which
indicates that OTA SAMs with a high degree of structural
order can form in the catalytic TBACN solution. This result is
also in good accord with the STM results.

Conclusions

The catalvtic effect of TBACN on the SAM formation of
thioacetyl-protected OTA molecules on Au(l1l) was inve-
stigated by STM. XPS. and CV. A high-resolution STM study
demonstrated that although OTA molecules in a pure solvent
do not form ordered SAMSs. they ¢can form the highly ordered
SAMSs with a c(4 x 2) structure in a catalytic TBACN solution.
The OTA SAM samples showed the same spectral features in
the S 2p region as those observed in well-ordered alkanethiol
SAMs. suggesting that OTA molecules form chemisorbed
SAMSs via effective deprotection of the thioacetyl-protected
group in the catalytic TBACN solution. In addition. CV measu-
rements revealed that OTA SAMs on Au(lll) formed in a
catalvtic TBACN solution showed a higher blocking effect
compared to OTA SAMs formed in a pure solvent. In this
study, we clearly demonstrated that TBACN is an effective
catalytic reagent for the formation of thioacetyl-terminated
organic SAMs with a high degree of structural order on gold.
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